Abstract-Building extraction is one of the primary applications of urban remote sensing. Polarimetric synthetic aperture radar (POLSAR), with its all-weather day and night imaging, canopy penetration and full polarimetric information, provides a unique way to detecting and characterizing urban areas. In this study, the time-frequency decomposition technique and the entropy/alpha-Wishart classifier were integrated to improve building extraction. The entropy/alpha-Wishart classifier was able to extract ortho-oriented buildings. After time-frequency transformation, the variation of entropy, alpha, anisotropy differs for objects with different scattering mechanisms, and the alpha angle of subaperture images was optimal in delineating slant-oriented buildings. A comparison between the integrated approach and the conventional entropy/alpha-Wishart classifier was performed on both C-and L-band NASA/JPL AIRSAR datasets. The overall accuracy and kappa value of the integrated approach was about 20% higher than that of the entropy/alpha-Wishart classifier. The C-band output tends to show more detailed scattering properties whereas the extracted buildings from the L-band image reveal better overall visual results.
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One of the main applications of urban remote sensing is the extraction of building structures and their spatial arrangements [3] . Optical remote sensing has made great progresses in impervious surface mapping [4] , [5] . Microwave sensors, by which the characteristic electromagnetic properties of urban environments can be revealed, also show great potentials on extracting man-made structures [6] , [7] . In particular, synthetic aperture radar (SAR) has been proven to be very useful for immediate post-disaster observations due to its all-weather, cloud-free capabilities [8] .
Polarimetric synthetic aperture radar (POLSAR) submits and receives fully polarized radar signals that contain better information of land surfaces than conventional single-polarization SAR systems [9] . Therefore, it offers a powerful way to detecting and characterizing urban areas based on the unique electromagnetic radiation characteristics and scattering mechanisms of building structures. Taking advantage of POLSAR's full polarimetric information, several methods have been developed to delineate land covers in urban areas using POLSAR data, which could be roughly grouped into three categories: 1) methods based on physical scattering mechanisms. A target is decomposed into a combination of theoretical unit objects (e.g., dihedral, trihedral and dipole), and the POLSAR image is classified into classes with similar scattering mechanisms [10] - [13] ; 2) methods based on statistical characteristics. With the polarimetric covariance matrix, distance measures between an unknown pixel and a class center are defined [14] , [15] . The POLSAR image is thus classified using supervised or unsupervised classifiers such as ISODATA, Neural network [16] and fuzzy -mean [17] ; and 3) advanced methods that combine physical scattering decomposition and statistical classification. The entropy/alpha-Wishart classifier [18] is one of the most widely applied approaches in this category, which initializes training sets by entropy/alpha decomposition [19] and performs iterations of maximum likelihood classification base on the complex Wishart distribution of refined training sets [3] , [20] , [21] . Some methods also introduce additional features such as the ratio or the phase difference between polarimetric channels [14] , [22] , spatial features [23] , [24] , and wavelet-domain features [25] to improve the accuracy of classification.
In the abovementioned classifiers, however, building extraction with POLSAR data has been seriously affected by the relative azimuth angle of buildings to radar look directions. The existing methods usually are effective for extracting buildings oriented orthogonally to the SAR flight path or in a limited angle range [26] . More recently, several promising approaches are developed in urban extraction studies. By compensating polarization orientation angle (POA), or the rotation angle about the line of sight, this angular dependence can be reduced in model-based decomposition and building extraction [27] - [29] . This process, however, could not improve the performance of roll-invariant methods such as the entropy/anisotropy/alpha decomposition [30] . It also loses the effectiveness when POA runs over a certain limit [31] . For this reason, the entropy, anisotropy and alpha angle decomposed from the POLSAR image could vary dramatically affected by azimuth positions, resolutions and target's scattering mechanisms. It is observed in past studies that the entropy of the Cloude-Pottier decomposition [13] is overestimated and anisotropy is underestimated when the number of looks increases. The average alpha angle can be overestimated or underestimated depending upon scattering mechanisms [32] . These uncertainties result in dramatic misclassification in building extraction.
Time-frequency decomposition, or the so-called subaperture analysis, becomes superior by taking radar look angles into consideration [33] . With Fourier transforming along the azimuth and range directions, a POLSAR image could be decomposed into several subaperture images, each contains unique scattering characteristics of a target at different azimuthal look angle and/or frequency [33] . In this way the scattering dependency on radar look direction and frequency are reduced [34] .
This study explores the feasibility of integrating the time-frequency decomposition technique and the entropy/alpha-Wishart classifier to improve building extraction with multiple orientations. Both C-and L-band NASA/JPL POLSAR datasets are analyzed to evaluate the effectiveness of the integrated approach in different frequencies.
II. THEORETICAL BACKGROUND

A. Entropy/Alpha/Anisotropy Decomposition and Wishart Classifier
According to the reciprocity theorem [9] , the scattering matrix can be given by (1) where and represent horizontal and vertical polarizations, respectively. In each scattering component, the first index represents the polarization of received signal and the second represents that of the transmitted signal. The matrix can be transmitted into a vector using Pauli basis: (2) where stands for transpose operator. Then, the -look coherency matrix is obtained by an ensembled average of the conjugate product of :
where is the number of looks, denotes a complex conjugate transpose. Since is a 3 3 Hermitian positive semi-definite matrix, it can be always applied to the eigenvalue/eigenvector analysis [9] : (4) where ( , 2, 3) is the eigenvector and is the eigenvalue of .
The coherency matrix is thus interpreted as an incoherent sum of three fully deterministic scattering mechanisms, with . Each eigenvector can be expressed in terms of five angles , , , , and : (5) where the angles can be interpreted as a rotation of the corresponding eigenvector in the plane perpendicular to the scattering plane, while , , account for the phase relations between . The angle characterizes the scattering properties of each component. The scattering mechanism of a pixel could be represented by averaging the three angles:
The mean alpha angle measures how far the scattering mechanism is from a single bounce reflection. Its values range from 0 to 90 , with 0 , 45 and 90 indicating single bounce, volume scattering and double bounce, respectively. The entropy is a measure of randomness of these scattering mechanisms and is defined as (7) The anisotropy characterizes the relative magnitudes of the second and third eigenvalues, i.e., (8) Assuming that the target vector in (2) has a Gaussian distribution, the -look coherency matrix follows a complex Wishart distribution with degrees of freedom [35] : (9) where , is the Gamma function, is the polarimetric dimension ( for the reciprocal case and for the bistatic case [18] ). is the trace of a matrix.
is the cluster center coherency matrix of the th ( ) class, is the number of classes to be processed. is averaged with all training samples in this class: (10) where is the number of samples in the th class.
The Wishart Classifier performs classification based on the coherency matrix of each pixel. The distance between the pixel's coherency matrix and the center coherency matrix of each class can be derived from (9) [9] , [15] , [18] : (11) According to the Maximum Likelihood criterion, a pixel with a coherency matrix is assigned to class if (12) In short, the entropy/alpha-Wishart classifier is achieved by combining entropy/alpha target decomposition and Wishart classifier. Firstly, the entropy and mean alpha angle of a POLSAR image are computed, and an initial segmentation of classes can be obtained in the entropy/alpha plane [19] ; secondly, for each initially segmented class, its center coherency matrix is computed using (10) , and its distance to each pixel is computed using (11) . The pixel is assigned to the class with the minimum distance measure; the process is performed iteratively until the termination criterion is met, i.e., the percentage of pixels switching between classes is lower than a pre-determined threshold, or the number of iterations reaches a pre-specified value.
B. Time-Frequency Decomposition
The time-frequency (TF) approach [33] employed in this study is based on a two-dimensional Fourier transform, or the 2D Gabor transform. A 2D signal at spatial location is transformed into different spectral components , which represents the decomposition at spatial location and frequency location : (13) Where is the analyzing function that affects the resolutions of the decomposition in time/space ( ) and frequency ( ). Their product is follows the Heisenberg-Gabor inequality of [34] . An excessively narrow bandwidth would achieve a high resolution in frequency but might lead to meaningless analysis in the space domain owing to a bad localization.
Time-frequency decomposition can be performed in both azimuth and range directions. In azimuth direction, it produces a set of coarser-resolution subaperture images containing different parts of the SAR Doppler spectrum. Corresponding to different azimuth look angles, these subaperture images could be used to detect objects with isotropic behaviors such as scatterers with complex geometrical structures [19] . In range direction, TF decomposition decomposes the POLSAR image into a set of subaperture images with different observation frequencies, which could be used to detect objects with frequency-sensitive responses such as resonating spherical and periodic structures [33] . In general, building scattering is more strongly affected by radar looking directions than these frequency effects [36] , [41] . TF decomposition in azimuth direction can deal with the relative azimuth angle between buildings and radar look directions. Therefore, this paper only applies the TF decomposition in azimuth direction. Meanwhile, both C-and L-band POLSAR images are analyzed to explore the frequency effects on building extraction. 
III. METHODOLOGY
A. Study Area and Data Set
The study area is located in San Francisco, CA, USA. It has good coverage of natural targets and buildings with different orientations. In the high-resolution optical image at Google Earth ( Fig. 1) , there are mainly four classes of ground covers, i.e., sea surface, forests, buildings and quasi-natural surface. The quasinatural surface includes grass fields, bare grounds, parking lots, sand, etc. This study focuses mainly on building extraction. To simplify the process, only three classes are considered: building, forest, and others (sea and quasi-natural surfaces), which represent mixed double-bounce, volume and surface scatterers, respectively. The high-resolution optical image in Fig. 1 serves as reference data, in which 262 validation points (116 buildings, 84 forests, and 62 others) are collected randomly for accuracy assessment.
For POLSAR data in the study area, the Airborne Synthetic Aperture Radar (AIRSAR) fully polarimetric C-band and L-band images are downloaded (http://airsar.jpl.nasa.gov/). The images were acquired by NASA Jet Propulsion Laboratory (JPL) on July 15, 1994. The look angle ranges from 21.5 at near range to 71.4 at far range. No speckle filtering or additional smoothing is applied to retain full spatial resolution, which is about 6.6 m at range direction and 9.3 m azimuth. The L-band polarimetric image of the study area is displayed in Fig. 2 , with Pauli color coding: , , and as red, green, and blue, respectively. In this composition, objects dominated with surface scatterers display in blue, double bounce in red, and volume scatterers in green.
Six subsets of typical objects are selected (Fig. 2) , with their detailed POLSAR images displayed in Fig. 3 . The subsets A-C represent mixed double-bounce scatterers, which are mostly buildings with different orientation angles relative to radar look direction (Fig. 3(a)-(c) ). Subset D is a forest with volume scatterers (Fig. 3(d) ); E is a grass field with rough surface scatterers (Fig. 3(e) ), and F a parking lot with smooth surface scatterers (Fig. 3(f) ). Pixels in magenta (double bounce) are a potential indicator of buildings. As shown in subset A, buildings in this area are perpendicular to the SAR flight direction (orthogonal-oriented), which yields strong co-polarization components ( ) and weak cross-polarization components ( ). However, buildings in B and C are not aligned in the SAR flight direction (slant-oriented). Significant cross-polarization is induced [36] , which results in a green tone in the composite image. The color is similar with forests (subset D) and therefore, may attribute to high confusion in regular classification approaches.
B. Integrated Approach to Extracting Building
To improve the classification accuracy of multiple orientated buildings, this study explores an approach of integrating the time-frequency decomposition and entropy/alpha-Wishart classifier. It refines the extraction of orthogonal-oriented buildings using the commonly applied entropy/alpha-Wishart classifier, and adds in the slant-oriented buildings extracted through timefrequency analysis.
As shown in the framework in Fig. 4 , the main steps include: 1) Orthogonal-oriented buildings extraction: entropy ( ) and mean alpha angle ( ) are decomposed from the POLSAR image, and entropy/alpha-Wishart classifier is used to produce an 8-class image using the PolSARPro software [37] . These 8 classes are grouped into three classes: forest (volume scatterers, ), orthogonal-oriented building (double scatterers, ) and others (surface scatterers). In this step, the slant-oriented buildings are mixed with forest and cannot be effectively classified. 2) Difference Alpha image calculation: using time-frequency decomposition, the POLSAR image is first decomposed into subaperture images: , which has the same size but spatial resolution of the original POLSAR image in azimuth direction. The decomposition is then performed on each subaperture image to produce alpha images. Variation measures (e.g., standard deviation, coefficient of variation) of alpha have been used to maximize the difference between natural land covers and heterogeneous elements such as buildings [33] . These parameters in our study, however, are less distinguishable, possibly due to complex compositions between buildings and other lands in dense urban area. We find that their separation is less clear than the central tendency measures. To simplify the process, the average of alpha angles (the Averaged Alpha,
) is selected in this study.
The Averaged Alpha is finally subtracted by the mean alpha image ( ) from the original POLSAR data to get the Difference Alpha image: (14) The Difference Alpha image contains information of land covers with different scattering mechanisms. The variation of alpha angles after TF transformation differs with scatterer types. Especially, the alpha angles of anisotropic scatterers (e.g., buildings) appear more stable than isotropic scatterers (e.g., forests) [33] . Their Averaged Alpha angles do not vary dramatically from the original POLSAR image. In this way, the Difference Alpha image could effectively delineate these two objects on land surface. 3) Slant-oriented buildings extraction: As described in step 1, the entropy/alpha-Wishart classifier extracts orthogonaloriented buildings, but mixes slant-oriented buildings with forests. In this step, a threshold ( ) is applied to the Difference Alpha image ( ) to create a binary image ( ): Pixels with represent anisotropic objects with relatively stable alpha angles after TF transformation. Due to the complicated scattering mechanisms of natural objects, however, not all pixels with are buildings. To refine this process, a 2nd threshold is applied by masking the threshold image ( ) with class V (volume scatterers) of the initially classified image: else (16) In this way, pixels with represent slant-oriented buildings that are extracted from the initially classified forests, which are actually a mixture of volume scatterers and slant-oriented buildings in Step 1. The final building map is obtained by combining the orthogonal-oriented building (D) and the slant-oriented buildings (S). In this way, buildings are more effectively extracted from the POLSAR data.
IV. RESULTS
A. Time-Frequency Effect on , and
Sensitivity analysis is performed to examine the capability of the entropy/alpha/anisotropy decomposition parameters in the integrated approach. The AIRSAR images are decomposed into 2, 3, 4, 5, 6, 7 and 8 subaperture images. For each subaperture image, the six subsets marked in Fig. 3 are used to calculate the Difference Alpha, Difference Entropy, and Difference Anisotropy, respectively.
The sensitivity of the Averaged Alpha angles and Difference Alpha angles with the number of subapertures is illustrated in Fig. 5 . The number "1" in the -axis represents the mean alpha angle of the original POLSAR image. In both C-band ( Fig. 5(a) ) and L-band (Fig. 5(b) ) data, the Averaged Alpha angle of subaperture images is always higher than that of the original image, but the increment varies with scatterers media. The forest and smooth surface have higher Averaged Alpha angles than buildings (Ortho-buildings and slant-buildings 1 and 2) in both frequencies, but the behavior of rough surface (grass) varies with different frequencies. As its surface roughness alters with radar wavelength, this type of land surface has highest Averaged Alpha angle in C-band but lowest in L-band. Its L-band values of the averaged Alpha Angle (Fig. 5(b) ) is much lower than that in C-band (Fig. 5(a) ), indicating a smoother scattering mechanism. In both frequencies, buildings could be separated from forests and smooth surface by Difference Alpha angles (Fig. 5(c)-(d) ), but rough surface in L-band (Fig. 5(d) ) mixes with buildings. That is the reason why the thresholded image ( ) in the integrated approach needs to be masked by the class of volume scatterers from the initially classified image. The Averaged entropy of all targets decreases with the increased number of subaperture images (Fig. 6) . The only exception is the ortho-buildings, which increases slightly in both frequencies when the POLSAR image is decomposed to two subapertures ( Fig. 6(a)-(b) ). The ortho-buildings also have the lowest entropy in the original image and the averaged subaperture images. The entropy of slant-buildings 1 and 2, smooth surfaces, rough surfaces and forests are very close to each other. The Difference Entropy (Fig. 6(c)-(d) ) also shows that only ortho-buildings can be discerned easily due to their small variation.
The change of Averaged anisotropy varies with the scatterer types and radar frequency. In the C-band image (Fig. 7(a) ), the ortho-buildings have lower anisotropy in the averaged subaperture images, while the rest of scatterers have higher values than the original image. The Averaged anisotropy of surface (smooth and rough) increases greatly in the Averaged anisotropy images and decreases as the number of subaperture increases. However, the trends are opposite for buildings (ortho-and slant 1, 2) and forest. As for L-band (Fig. 7(b) ), the behavior of the ortho-buildings is the same as C-band, and the rough surface (grass) is lower at subaperture numbers 2 and 3, then becomes higher with the increasing numbers. In Fig. 7(c) and (d) , the Difference Anisotropy show that the change of anisotropy in forest is greater than that of buildings regardless of the number of subapertures in both frequencies.
In short, all the three parameters (alpha, entropy, anisotropy) vary between the original image and subaperture image. The Difference Entropy is not as suitable as Difference Alpha angle and Difference Anisotropy to extract buildings by using timefrequency decomposition. It should be noted, however, the resolution of output images degrades with increased number of subaperture images. In Figs. 5-7 , the values of the three parameters do not change dramatically among different numbers of subapertures (2-8). Therefore, the 2-subaperture decomposition is adopted in this study to balance classification accuracy and spatial resolution.
B. Building Extraction
The initial classifications of the entropy/alpha-Wishart classifier are displayed in Fig. 8(a) (C-band) and Fig. 8(b) (L-band) . As buildings are of the major concern in this study, the quasinatural surfaces such as sea surfaces, grasslands, parking lots and roads, are treated as one class (Others) in the Wishart Classification. Similar results are observed in L-band classification (Fig. 8(b) ), except that roads are fused with volume scatterers of forests. The entropy/alpha-Wishart classifier on both images misclassifies most slant-oriented buildings into forests, resulting in dramatic underestimation of buildings in this high-density urban area.
The integrated approach works better than the entropy/alpha-Wishart method by extracting more buildings in urban lands in both C-band (Fig. 8(c) ) and L-band (Fig. 8(d) ) images. More specifically, it extracts slant-oriented buildings, so that the street-block patterns and the density of urban areas are preserved (Fig. 8(c), (d) ). The patterns in these two images show high coincidence with the reference image in Fig. 1 . The integrated approach generates better classification results on both C- (Fig. 8(c) ) and L-band (Fig. 8(d) ) images. The C-band results tend to extract more buildings, especially in high-density multi-oriented areas in the upper right. More details about the frequency-related differences are described in Section IV.C. To compare the accuracies of the integrated approach and the entropy/alpha-Wishart classifier itself, the confusion matrices on C-and L-band classification are listed in Tables I-IV. When the entropy/alpha-Wishart method is employed, the classification accuracies are at similar level on C-band (62.98% in Table I ) and L-band POLSAR data (62.60% in Table II ). The integrated approach improves the overall accuracy and kappa on both C-band and L-band classifications. The improvement primarily comes from the much higher producer's accuracy of buildings, while they are often misclassified as forests in the entropy/alpha-Wishart classifier. For example, Table I shows that higher percentage of buildings are classified to forests (i.e., 156 vs. 97), whereas the integrated approach reaches 54 vs. 197 (Table III) . Similar information is observed on the L-band results in Tables II and IV .
C. Effects of Radar Frequency on Building Extraction
With the integrated approach, the L-band classification (Fig. 8(d) ) shows better overall visual results (Fig. 8(c) ), i.e., the extracted buildings are in more orderly rows in the L-band classification. The C-band output tends to group roads and rivers into surface scatterers, by which more detailed scattering properties can be recognized and classified to volume scatterers. To take a closer view of the classification results, two subsets (as marked in Fig. 1 ) are used to show the classification differences of C-and L-band images with both methods (Fig. 9) .
Subset 1 (Fig. 9(a) -(f)) is filled with buildings with the same orientation angle. The C-band classification treats more areas as surface scatterers than L-band and obtains more details. As shown in Fig. 9(c) and (d) , some roads between buildings and a wide road with side trees in the lower left are extracted (blue color). However, the patterns of the extracted buildings from C-band appear more irregular than those from L-band data. In Subset 2, buildings have two different orientation angles (Fig. 9(g) ). Geometric distortion such as radar layovers and shadows caused by skyscrapers are also observed. Shadows tend to be classified to surface scatterers in C-band but volume scatterers in L-band image. In both subsets, the TABLE III  INTEGRATED METHOD (C-BAND)   TABLE IV  INTEGRATED METHOD (L-BAND) entropy/alpha-Wishart method underestimates buildings in this urban area, while the integrated approach is able to pick up much more details of urban buildings.
V. DISCUSSIONS
Polarimetric SAR images contain intensive information regarding the complicated scattering mechanisms of land surfaces. For purposes of building extraction, current methods utilizing polarimetric information require either high-quality dataset or high-computation hardware. For example, polarimetric interferometric SAR (PolInSAR) [24] shows great capability to building extraction, but needs at least two paired interferometric POLSAR images to produce complex coherence and other indices. The non-stationary media detection [37] is also a TF transformation-based technique, but is computation-intensive because it is accomplished by calculating maximum likelihood ratio and performing hypothesis tests.
The integrated approach developed in this study innovatively combines TF transformation and polarimetric decomposition 
techniques. It is physically explainable because scattering properties after TF transformation differ with representing scatterer types. Our experiment in this study indicates that the Difference Alpha angle holds high potential in slant-oriented building extraction. The integrated approach can also adopt different decomposition techniques and other decomposed parameters aside from the Difference Alpha angle. Upon the experiments in this study, however, these parameters are less promising. For example, the averaged anisotropy appears to have good potential, but the classification is highly fragmented and unstable. In addition, the less rigid requirement of datasets and reduced computing complexity make this integrated approach more practical. Different from the PolInSAR technique [24] , this approach is based on the processed POLSAR images instead of interferometric or other types of raw data sets (e.g., single-look complex images). The processed POLSAR data is easily accessible to common users and has been pre-processed through compensation procedures to reduce acquisition errors. Moreover, both TF transformation and entropy/alpha-Wishart classifier are welldeveloped methods. Their integration in this study is based on simple arithmetic operations, which avoids intensive computation such as complex coherence and hypothesis test as required in other approaches of building extraction. The integrated approach in this study could be easily and quickly applied in large urban areas. Orientation of buildings has been investigated in past studies. Yamagushi [27] developed a decomposition method in which the Polarimetric Orientation angle Compensation (POC) proposed in Lee [28] , [30] was integrated. Their outputs enhanced the visual contrast of slant-orientated buildings, which showed a more reddish tone than other buildings. In areas with large angles between buildings' azimuth angles and radar look directions, the Yamagushi decomposition method lost the effectiveness in building extraction, which was in agreement with other POC-based methods [31] . With sub-aperture processing in combination with Cloude-Pottier decomposition, our method significantly overcame this constraint and was able to extract buildings in relatively large slant angles.
Application of the integrated approach in this study is compared between C-band and L-band POLSAR images. The C-band image achieves higher classification accuracy, but the L-band image is able to identify more regular pattern buildings. For POLSAR data with lower frequency (e.g., P-band), buildings may be more easily misclassified into volume scatterers than those in the L-band images. Contrarily, they may turn to surface scatterers in images with higher frequency (e.g., X-band). Therefore, C-and L-band POLSAR data are more suitable to building extraction using the integrated approach in this study.
An empirical threshold is determined in this study to extracting slant-oriented buildings from the Difference Alpha angle. It may introduce uncertainness as the threshold selection is subjective. An optimal, data-driven algorithm will be investigated in the near future to reduce this uncertainty. In addition, single-threshold assumption may not work well in a highly heterogeneous urban land. Difference Anisotropy could be a useful input when it is combined with Difference Alpha angle to form an additional classification plane. Furthermore, Radar signals with different frequencies shows different capabilities of building structures and arrangements. Synergistic use of multi-frequency radar images may improve the process of building extraction.
VI. CONCLUSIONS This paper presents a new approach to extracting buildings in urban lands by integrating time-frequency decomposition and entropy/alpha-Wishart classifier of POLSAR images. The entropy/alpha-Wishart classifier retrieves orthogonal-oriented buildings, while the Difference Alpha angle from the time-frequency decomposition is good at extracting slant-oriented buildings. The integrated results reach an overall accuracy around 80%. It dramatically improves the capability of building extraction than the commonly applied entropy/alpha-Wishart classifier itself. This approach provides an improved way of identifying multi-orientation buildings with C-and L-band POLSAR imagery.
